The SLC8A1 (solute carrier family 8, member 1) gene, encoding Na + /Ca 2+ exchanger, is essential in regulating calcium reabsorption and homeostasis. Calcium homeostasis plays a key role in cell proliferation and apoptosis. We hypothesized that polymorphisms in five calcium-regulating genes (SLC8A1, ATP2B1, CALB1, CALB2, and CABP1) interact with calcium intake in relation to the risk of colorectal neoplasia. A two-phase (discovery and replication) study was conducted within the Tennessee Colorectal Polyp Study, including a total of 1275 cases and 2811 controls.
| INTRODUCTION
Ionized calcium (Ca 2+ ), the most abundant divalent cation in the body, plays a key role in cellular signaling, including cell proliferation and apoptosis. 1, 2 One pooled-analysis of 10 cohort studies suggested that high calcium consumption from both dietary and supplemental sources was associated with a moderately reduced risk of colorectal cancer. 3 Two intervention trials also found calcium supplementation conferred a reduction in risk of recurrent colorectal adenoma 4, 5 and the protective effect extends up to 5 years after cessation of calcium treatment. 6 However, results from the Women's Health Initiative (WHI), a large randomized clinical trial did not support an effect of calcium supplementation plus vitamin D (400 IU/daily). 7 Factors including compliance, dose and duration of vitamin D, and calcium supplement have been proposed to explain the inconsistency. [7] [8] [9] Substantial variation in calcium absorption, ranging from 10% to 70%, was observed in previous studies. 10 Furthermore, a large proportion of this variation was not explained by known contributing factors, such as age, smoking, dietary factors, intestinal transit, urinary excretion, vitamin D metabolites, and birth weight. 11 It is likely that polymorphisms in related genes play an important role. Although not consistent, several previous studies reported that the associations between calcium intake and colorectal cancer risk may be modified by genetic polymorphisms in vitamin D receptor (VDR) 12, 13 and calciumsensing receptor (CaSR). 14, 15 We also reported that the association of calcium intake and risk of colorectal adenoma may differ by polymorphism in the transient receptor potential melastatin 7 (TRPM7) gene. 16 Calcium balance is a comprehensive function of oral intake, intestinal absorption, renal reabsorption, and skeletal modeling. 17 Ten grams of calcium are filtered daily on average, of which 98% is reabsorbed in the kidneys. 18 Previous studies have demonstrated that genes involved in calcium reabsorption are essential in calcium homeostasis. [19] [20] [21] Recently, we identified two gene-calcium interactions in relation to risk of colorectal neoplasia. 22 We observed that high calcium intake was associated with reduced risks of adenoma or advanced/multiple colorectal adenoma only among those who carried variant alleles in the KCNJ1 (potassium inwardly-rectifying channel, subfamily J, member 1) and SLC12A1 (solute carrier family 12 member 1) genes, which encode the inward-rectifier potassium channel (ROMK) and NKCC2 (the kidney-specific sodium [Na]-potassium 
| Study population
The Tennessee Colorectal Polyp Study (TCPS, NCT00625066) was a colonoscopy-based case-control study conducted in Nashville, TN.
The detailed description of this study is available elsewhere. The usual dietary intakes of nutrients such as calcium were calculated by using race-and sex-specific nutrient databases, which were constructed on National Health and Nutrition Examination Survey and US Department of Agriculture food composition tables. 29 The intake level was determined based on frequency and usual portion size.
Calcium and magnesium intakes from supplements were also taken into account by estimating intake based on the most common ingredients in calcium and multivitamin supplements (500 mg calcium per calcium supplement pill and 162 mg calcium per multivitamin pill). 16, 22 Participants (n = 171) with more than 10 missing items in FFQ or unreasonably high (4000 Kcal for women and 7000 Kcal for men) or low energy intake (less than 500 Kcal) were excluded from the analyses.
| Biological samples
Participants recruited at colonoscopy were asked to provide blood, buccal cell, or saliva samples using an Oragene™ (DNA kit DNA Genotek, Inc., Ottawa, Canada); however, subjects recruited following colonoscopy were asked to provide buccal cell or saliva samples. A total of 7443 (94%) participants donated DNA samples.
| Study design and genotyping
This two-phase study (discovery and replication phases) was designed to investigate gene-nutrient interactions in two independent samples of participants from the TCPS. Previously, we reported two calcium-gene (KCNJ1 and SLC12A1) interactions among nine candidate genes in relation to risk of colorectal neoplasia. 22 In the current study, SNPs were selected including five, three, five, seven, and 115 SNPs in ATP2B1, CALB1, CALB2, CABP1, and SLC8A1 gene, respectively.
To improve the power in discovery phase, we oversampled multiple or advanced adenoma cases. The detailed description of genotyping and quality control was reported elsewhere. 22 The 
| Statistical analysis
Chi-square tests for categorical variables, t tests, and generalized linear models for continuous variables were conducted to evaluate casecontrol differences in the distribution of potential confounding factors.
Unconditional logistical regression models were used to calculate odds ratios (OR) and 95% confidence intervals (95%CIs) to estimate the associations after adjusting for covariates. Potential confounding factors were selected based on biological plausibility, literature reports 16 and ≥10% change in ORs. 31 Recently, we reported that calcium intake significantly interacted with SNPs in KCNJ1 and SLC12A1 in relation to the risk of colorectal neoplasia. 22 Thus, a joint analysis of KCNJ1, SLC12A1, and SLC8A1
was conducted because SLC8A1 was also identified, and replicated, to interact with calcium intake in the current study. To increase power, and because multiple or advanced adenomas were oversampled in phase I, we used the combined phases I and II data in these additional analyses. All tests were two-sided and statistical significance level was set at 0.05. Statistical analyses were performed using SAS statistical software (version 9.4; SAS Institute, Cary, NC).
3 | RESULTS
| Characteristics by cases and controls
The distribution of selected demographic characteristics and potential confounders in cases and controls from both discovery and replication phases is shown in Table 1 . Compared with controls, cases were older and were more likely to be male, smoke, drink alcohol, and have lower education attainment. Cases also reported higher BMI (body mass index), higher intake of total energy, and lower intakes of calcium and magnesium, but were less likely to be physically active.
| Two-phase study
Overall, in discovery phase, we included a total of 135 tagging singlenucleotide polymorphisms (SNPs) in five candidate genes involved in calcium (re)absorption/regulation. Among these 135 SNPs, only six SNPs in SLC8A1 had significant interactions with calcium intake in relation to colorectal adenoma (Supplemental Table S1 ). Only the interaction between calcium intake and the rs4952490 in SLC8A1 was observed in replication phase. The P-values for interaction was 0.048 for pooled analysis (Supplemental Table S2 ). There was no direct association between variant allele(s) of rs4952490 and colorectal adenoma (OR = 0.95; 95%CI: 0.82-1.10).
| Calcium intake by combined SNPs in three genes
Recently, we reported that two SNPs, rs1531916 (SLC12A1) and rs2855798 (KCNJ1), interacted with calcium intake in relation to adenoma risk. 22 The inverse association between high calcium intake and risk of adenoma was particularly stronger among carriers of variant alleles in both genes. 22 We found that SLC8A1 interacted with calcium intake in a similar way with KCNJ1 and SLC12A1. In stratified analysis by the SLC8A1 genotypes, similar associations with calcium were observed as those stratified by either SLC12A1 or KCNJ1.
presented in Table 2 are the associations between total calcium intake and risk of colorectal adenoma stratified by the number of genes (SLC8A1, SLC12A1 and KCNJ1) carrying variant allele(s).
Compared to calcium intake lower than the DRI level, when calcium intake was below 2500 mg/day, calcium intake above the DRI level 
| DISCUSSION
In this two-stage study evaluating 135 SNPs in five calcium-regulating genes, we identified and replicated one SNP (ie, rs4952490) in SLC8A1, which significantly interacted with calcium intake in association with risk of colorectal adenoma. In a joint analysis of SNPs from SLC8A1, SLC12A1, and KCNJ1 genes, which were identified to interact with calcium intake in our very recent report, 22 we found that consuming ≥1000 mg/day of calcium among individuals who did not carry a variant allele in one or more of the three genes was not significantly associated with presence of adenomas. However, carriers of variant alleles in at least two calcium-related genes were significantly less likely to have adenomas if they consumed ≥1000 mg of calcium per day. In our study population, one-third of the population carried variant alleles in at least two genes; and in further analysis, this group of subjects was twice more likely to have multiple/advanced adenomas when calcium intake was lower than 1000 mg/day, but no genetic association with adenoma when calcium intake was ≥1000 mg/day.
In the stratified analysis by the number of genes carrying variant allele(s), calcium intake above the DRI level was not associated with risk among individuals with variant allele(s) in none or only one of the three Unconditional logistic regression models adjusted for age, sex, race, educational achievement, recruitment site, family history, BMI(categorical), physical activity (yes or no), smoking status (former, current, or never), alcohol consumption status (former, current, or never), and log-transformed daily intakes of total energy, sodium, and magnesium. d Values are odds ratios (OR) and 95% confidence interval (CI).
e ≥2 is addition of 2 and 3. f P for trend is modeled by using ordinal categories of calcium intake as a continuous variable.
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| 2263 genes if calcium intake was below 2500 mg/day. However, calcium intake ≥ 2500 was likely associated with an increased risk of adenoma, particularly multiple/advanced adenoma among participants with no variant allele in the three genes with an OR of 5.44 (95%CI: 1.45-20.44).
Conversely, calcium intake above the DRI level was associated with a substantially and significantly lower prevalence (30-57% of reduction) of adenoma among individuals with variant allele(s) in at least two genes.
This apparent protection was particularly pronounced for multiple/ advanced adenoma (49-75%). The risk of having multiple/advanced adenoma was further reduced among those with variant alleles in all three genes. These findings are biologically plausible because the three ion channels encoded by SLC8A1, SLC12A1, and KCNJ1 are the major driving forces for calcium reabsorption in kidney. 19, 25, 26 The majority (97-99%) of the daily filtered calcium by the kidney is reabsorbed by the passive and active transport in the renal system. 18 Na + /Ca 2+ exchanger, encoded by SLC8A1 gene, plays a key role in the (re)absorption and maintaining extracellular levels of Ca 2+ . 25, 26 Furthermore, Na + /Ca 2+ exchanger is a major calcium transporter in the kidney. 24 Unconditional logistic regression models adjusted for age, sex, race, educational achievement, recruitment site, family history, BMI (categorical), physical activity (yes or no), smoking status (former, current, or never), alcohol consumption status (former, current, or never), and log-transformed daily intakes of total energy, sodium, and magnesium. d P for trend is modeled by treating the number of genes with variant alleles as a continuous variable.
e ≥2 is addition of 2 and 3.
among participants who do not carry variants in these genes or only carry variant(s) in one gene, high intake of calcium was not associated with lower prevalence of colorectal neoplasia.
Our findings are supported by a model of "biological susceptibility"
or "genetic plasticity" which has been recently proposed in psychology research. 38 In contrast to the classical model that genetic variants are either "risky" or "protective", this new model indicates that subjects with genetic susceptibility are expected to have a worse outcome under "unfavorable" environmental conditions or a better trait facing "favorable" conditions than non-carriers. 38 This study has several strengths. All of the controls in our study completed a full colonoscopy, thus potential contamination of cases in the control group is not a major concern. Furthermore, nearly all participants provided a DNA sample, an attribute that reduced chances for selection bias. On the other hand, this study also has limitations. As with all case-control studies, selection and recall bias are major concerns. However, nearly all (95%) participants were recruited prior to colonoscopy and assessment of dietary intake of calcium and collection of data on confounders occurred prior to diagnosis. Therefore, differential recall bias may be minimized. Distributions of age, sex, and reason for the colonoscopy for consenters versus non-consenters in this study are similar. 16 Moreover, most participants were recruited before the colonoscopy, which determines their case or control status, and thus controls were not any less likely to participate than cases.
Therefore, selection bias was minimized. Another limitation is that measurement errors are unavoidable in nutritional epidemiologic studies. We used an FFQ that was specifically designed and validated to capture diets in the southern states 28 ; however, calcium intake from sources other than diets and supplements, such as from drinking water, were not considered. And also we have not collected detailed label information for each specific supplemental use of calcium. We used the most common ingredient for calcium supplementation and calcium dosage in Centrum multivitamin. These could lead to non-differential misclassification which usually biases associations toward the null. Finally, while we adjusted for many potential confounding factors; it is still possible that residual confounding factors, or a related dietary pattern, may explain our results.
Future studies, including intervention trials, are necessary to confirm our findings. These results, if confirmed, may provide a new avenue for the personalized prevention of colorectal adenoma and cancer. 
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